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ABSTRACT 
Cytokinesis is a fundamental cellular process by which a single cell splits into two 
daughter cells.  A cytoskeletal structure called the contractile ring provides the force required for 
constriction.  This ring is composed of filamentous actin (F-actin), non-muscle myosin II (NM II), 
and other proteins.  These include the septins, a family of filamentous and GTP-binding 
proteins.  In C. elegans, only two genes, unc-59 and unc-61, encode for septin proteins.  The 
two proteins form heterotetramer complexes and polymerize into filaments.  While it is known 
that both proteins are required for successful post embryonic cytokinesis in C. elegans, 
questions about their molecular stability and behavior remain.  We used fluorescence 
microscopy, western blot analysis, and DNA sequencing to study septin expression and 
localization under conditions where one protein is absent or altered.  We showed that worms 
carrying a null allele for unc-61 have decreased UNC-59 expression, which demonstrated that 
UNC-59 is destabilized in the absence of UNC-61. We also showed that worms with GFP-
tagged UNC-59 have notably higher expression levels of UNC-59, yet still localize to the 
cleavage furrow endogenously.  Ongoing fluorescence correlation spectroscopy experiments 
may provide details about septin protein-protein interactions under different conditions.  Since 
the septins found in C. elegans are conserved as the core proteins of septin complexes in 
mammals and fungi, studying the stability of UNC-59 and UNC-61 may provide insight into 
septins’ roles in more complex organisms. 
INTRODUCTION 
Septin genes were first discovered in the budding yeast S. cerevisiae (Hartwell, 1971).  
Since then, septins have been identified in animals and other fungi (Kinoshita, 2003a; Berlin et 
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al., 2003).  One of septins’ roles is during cytokinesis, where they scaffold and regulate 
interactions between other cytoskeletal components (Gladfelter et al., 2001; Kremer et al., 2005; 
Hartwell, 1971).  When mutated in Drosophila, post embryonic cytokinesis fails and is lethal 
(Neufeld & Rubin, 1994).  In mammalian organisms, depletion of some septin proteins result in 
abnormal cytokinesis and embryonic lethality (Kinoshita, 1997; Kremer, 2005; Spiliotis et al., 
2005; Estey et al., 2010).  However, the higher-order septin structures found in mammals are 
more complex, making it difficult to deduce their individual functions during cytokinesis (Estey et 
al., 2010).  In mammals, 13 genes encode for septin proteins each with multiple isoforms 
(Kinoshita, 2003).  Here we focus on septins in C. elegans, where only two genes encode for 
septin proteins (Nguyen et al., 2000). 
The C. elegans septin complex is a heterotetramer of the two septin proteins UNC-59 
and UNC-61 in a 59-61-61-59 linear array (John et al., 2007).  Septin complexes form nonpolar 
oligomers up to 10 nm long, which polymerize end-to-end in association with a cell’s 
cytoskeleton (John et al., 2007).  During cytokinesis, septins associate with the leading edge of 
the cleavage furrow (Nguyen et al., 2000).  Here, septins co-localize with anillin (Maddox et al., 
2005), a cytoskeletal crosslinker between actomyosin complexes and septin filaments (Hickson 
& O’Farrell, 2009).  These proteins are enriched at the contractile ring and required for normal 
asymmetric furrow ingression (Maddox et al., 2007).   In vitro omission of either core septin 
protein results in the failure to form the heterodimer, tetramer, and ultimately oligomer (Nguyen 
et al., 2000; John et al., 2007).  Furthermore, the remaining septin’s ability to localize to the 
cleavage furrow is also disrupted in vivo (Nguyen et al., 2000).  Interestingly, this does not 
impact the cell’s ability to divide during early embryogenesis.  It is only during post-
embryogenesis that deleterious phenotypes begin to appear.  These defects can be explained 
by abnormal cytokinesis during post embryonic development caused by the septin mutation 
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(Nguyen et al., 2000).  Therefore, septins are believed to be necessary for normal cytokinesis 
and development during post embryonic development in C. elegans. 
While it is known that the presence of both septins is necessary for successful 
cytokinesis in C. elegans, interactions between the proteins may be further explored.  Previous 
studies on mammalian septins show that inhibiting one of the septins can decrease the 
expression of other septins (Kinoshita et al., 2002); a possible explanation is that expression of 
all septins provides stability for the full septin complex (Kinoshita et al., 2002).  We studied 
whether inhibition of UNC-61 destabilizes UNC-59 in C. elegans.  By using western blot 
analysis, we showed that UNC-59 is still expressed in unc-61(e228) mutants but at a lower level 
compared to controls.  Furthermore, we confirmed mutations in septin null alleles (e228 and 
e1005) by DNA sequencing.  We also utilized in vivo fluorescence microscopy to show that 
UNC-59 tagged with GFP (via CRISPR-Cas9 technology) localize to the cleavage furrow as 
endogenous UNC-59 does.  
RESULTS 
DNA sequencing of unc-59 and unc-61 mutants  
 
Table 1. DNA sequencing of e228 mutants confirms a nonsense substitution for a premature 
opal stop codon; e1005 mutants contain a substitution which results in a glycine to serine 
missense mutation.  Asterisk symbol marks the correct genomic position of the mutation, which 
is different from current literature (Nguyen et al., 2000).    
Strain   
   
Description   Genotype   Mutation   
JCC239   unc-61 mutant 
(e228), histone 58 
tagged with 
mCherry     
unc-61(e228) V; unc-119(ed3) III; 
ltIs37 [pAA64; pie-1/mCherry::his-58; 
unc-119 (+)] IV      
C --> T substitution; 
nonsense mutation   
V: 14733125   
   
JCC666   unc-59 mutant 
(e1005), histone 58 
tagged with 
mCherry   
unc-59(e1005) I.; unc-119 (+)] III; 
ltIS37 [pAA64; pie-1/mCherry::his-58; 
unc-119 (+)] IV.   
G --> A substitution   
I: 13629392*  
N2   Wild Type Bristol 
Strain   




 Previous studies have identified the mutant unc-59 allele e1005 and unc-61 allele e228 
(Nguyen et al., 2000), but anecdotal evidence from collaborators called some of these alleles’ 
identities into question (Julie Canman personal communication).  In order to identify these 
alleles and study their effects on septin expression, we sequenced regions of the genes unc-59 
and unc-61 in strains thought to contain mutant alleles, and in wild type worms.  DNA 
sequencing of the unc-61 mutant (e228) confirmed a cytosine to thymine substitution 
(V:14733125) which results in a premature opal stop codon.  Sequencing of the unc-59 mutant 
(e1005) showed a guanine to alanine substitution (I:13629392), resulting in a glycine to serine 
missense mutation of a well conserved region. Therefore, alleles e228 and e1005 contain 
mutations that impact UNC-61’s and UNC-59’s structure and function respectively. 
GFP-tagged UNC-59 localizes to the cleavage furrow during cytokinesis 
 
Figure 1. GFP-UNC-59 localization during cytokinesis in C. elegans  
Fluorescence microscopy of CRISPR mediated GFP-tagged UNC-59 C. elegans embryo 
undergoing cytokinesis.  Black shows GFP signal (UNC-59).  UNC-59 localizes to the cleavage 
furrow during embryonic cytokinesis.  (A) Pseudocleavage; pronuclei fusion (0 sec). (B) 
Beginning of cleavage furrow ingression (450 sec). (C) Cleavage furrow ingression continues 





Previous immunostains show that septins localize to the cleavage furrow during 
cytokinesis (Nguyen et al., 2000; Maddox et al., 2005).  Now, a GFP-tagged UNC-59 strain 
allowed us to study septin localization in vivo.  Here we used fluorescence microscopy to study 
the localization of CRISPR-Cas9 mediated GFP-tagged UNC-59 during cytokinesis.  We 
confirmed that GFP- tagged UNC-59 localizes with the cleavage furrow during cytokinesis, 
much like endogenous UNC-59 (Nguyen et al., 2000). This result indicated that tagging GFP to 
UNC-59 via CRISPR-Cas9 technology does not impair the protein’s ability to localize correctly. 
UNC-59 and UNC-61 western analysis 
 
Figure 2. UNC-61 Immunoblot of wild type and e228 mutants. 
(A) All lanes were blotted with UNC-61 primary antibody and the appropriate secondary 
antibody.  Lane 2 was loaded with the unc-61(e228) mutant (JCC239).  Lanes 3 and 4 serves 




Figure 3. UNC-59 immunoblot of wild type, e228 mutants, and GFP tagged UNC-59 
strains. 
(A) All lanes were blotted with antibodies against UNC-59.  Lanes 2-4 make up a dilution series; 
wild type (N2) worm samples were loaded at decreasing concentrations (100%, 33%, 11%).  
Lane 5 was loaded with the unc-61(e228) mutant (JCC239).  Lane 6 was loaded with a 
CRISPR-GFP-tagged UNC-59 strain (NK2228).   
(B) The same membrane was stripped and re-blotted with antibodies against anillin (ANI-1).  (C) 
Protein expression was quantified by measuring intensities of specific bands.  Intensities were 
normalized by dividing the septin band (~55 kDa) by the anillin loading control. 
 
In previous analyses of C. elegans, unc-61 mutant bearing a premature stop codon 
(e228 and n3169) shows a clear absence of UNC-61 expression (Nguyen et al., 2000).  
However, the expression and stability of UNC-59 in these mutants remain to be explored.  We 
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investigated UNC-59 expression levels in multiple C. elegans strains using Western blot 
analysis.  
UNC-61 is not expressed in e228 mutants 
The predicted molecular weight of UNC-61 is 52.9 kDa.  An UNC-61 immunoblot 
showing bands around ~55 kDa indicated UNC-61 expression in N2 wild type worms.  There is 
an absence of a band around ~55 kDa, showing that UNC-61 expression is undetectable in 
e228 mutants (unc-61 null allele, strain JCC239) (Figure 2).   
 UNC-59 is destabilized in the absence of UNC-61 
The predicated molecular weight of UNC-59 is 52.9 kDa.  An UNC-59 immunoblot 
showing bands at ~55 kDa indicates UNC-59 expression (Figure 3A).  The presence of this 
band in the e228 mutant (unc-61 null allele, strain JCC239) suggests that UNC-59 was 
expressed in the absence of UNC-61 (Figure 3A: lane 5).  Quantification of band intensities 
show that UNC-59 expression is lower in the e228 mutant compared to in N2 wild type worms 
(Figure 3C).   
Fluorescence tagging of UNC-59 increases UNC-59 expression 
 CRISPR-Cas9 technology allows for the possibility to tag endogenous proteins of 
interest (Jinek et al., 2012; Ratz et al., 2015).  Since CRISPR-Cas9 is directly editing the 
endogenous gene, we assumed that GFP-tagged UNC-59 should behave much like 
endogenous UNC-59.  Thus, we found it worthwhile to explore whether GFP-tagging of septin 
has any effect on UNC-59 expression.  An UNC-59 immunoblot of GFP-tagged UNC-59 worms 
(NK2228) showed a septin band shifted relative to worms with endogenous UNC-59 (N2) (~ 55 
kDa UNC-59; ~ 80 kDa GFP-UNC-59) (Figure 3A: lane 6). Quantification of the band revealed 
that GFP-tagged UNC-59 worm lysates have notably greater expression levels compared to 




Our DNA sequencings of unc-59(e1005) and unc-61(e228) strains confirmed the 
presence of mutations inhibiting septin expression.  Sequencing of e228 mutants showed a 
nonsense C to opal stop codon substitution, which agrees with previous literature (Table 1) 
(Nguyen et al., 2000).  Our sequencing of e1005 showed a mutation at a position different from 
previous sequencings (Nguyen et al., 2000); the substitution results in a missense mutation 
coding for serine instead of glycine at a well conserved region of unc-59 (Table 1) (Wormbase).  
The substitution of a small and nonpolar glycine for a polar serine likely disrupts UNC-59’s 
secondary structure and overall function.   
Our western analyses show that UNC-59 is expressed even in the absence of UNC-61 
in C. elegans (Figure 3A).  In vitro quantification of septin band intensities in unc-61(e228) 
mutants showed that absence of UNC-61 lowers UNC-59 expression (Figure 3C).  This could 
be due to UNC-59’s inability to dimerize with UNC-61, making it more vulnerable to protease 
activity and degradation.  A potential source of error may arise from anillin being used as a 
loading control.  Since septins interact with anillin in the cytoskeleton of C. elegans (Maddox et 
al., 2005), it is possible that altering one protein impacted the expression of the other.  An 
alternative loading control could be F-actin, although interactions between septin and F-actin 
may also be problematic (Kinoshita, 2002; Schmidt, 2004). Future western blot experiments 
should also investigate UNC-61 expression in the absence of UNC-59 to obtain a more 
complete understanding of the interactions between the two proteins.  
We also studied possible effects of fluorescent probes on septin expression and 
localization.  In vivo imaging of GFP-tagged UNC-59 worms showed septins localizing to the 
cleavage furrow just as endogenous septins normally would (Figure 1).  Western blot analysis 
confirmed that GFP was tagged to UNC-59 in the NK2228 strain due the septin band migrating 
at a weight expected of a UNC-59 and GFP complex (~80 kDa) (Figure 3A).  Interestingly, 
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quantification of the GFP-UNC-59 band showed a notably greater expression level compared to 
wild-type worms (Figure 3C).  A possible explanation is that these probes partially impair septin 
function during development, which results in positive selection for worms with greater UNC-59 
expression.  Furthermore, preliminary observations showed that C. elegans zygotes with GFP-
tagged UNC-59 undergo abnormally symmetric cytokinesis.  Since septins are required for 
normal asymmetric cleavage furrowing (Maddox et al., 2008), this observation suggested that 
the GFP-tagging of UNC-59 impaired its function (Amy Maddox, Anjali Venkat personal 
communications).  Ongoing studies such as tracking phenotypes in GFP-tagged worms over 
development might provide further insight about the effect of tagging on the septins.  
In this paper, we discussed how depleting or tagging one of the septin proteins impacts 
their expression.  While we showed that reducing UNC-61 decreases UNC-59 expression, we 
do not know if protein-protein interactions such as homo-dimerization exist under different 
conditions.  Fluorescence correlational spectroscopy (FCS), a technique used to obtain diffusion 
coefficients of molecules, can be used to determine protein-protein interactions and their 
abundance in live cells (Elson, 2011).  FCS is also able to determine protein concentration, 
which could be an alternative method for quantitative western blot analysis.   
Recent studies have shown that septins may play roles in human diseases, such as 
Alzheimer’s, Parkinson’s, and some types of cancers (Kinoshita et al., 1998; Choi et. al, 2003; 
Kim et al., 2004; Peterson & Petty; 2010).  Recall that humans have 13 separate septin 
encoding genes, which may not all share the same functions in cytokinesis (Estey et al., 2010).  
However, all septin utilizing organisms contain a core septin complex, which plays an essential 
role in development (Versele et al., 2004; John et. al, 2007).  Since UNC-59 and UNC-61 are 
homologous to proteins that make up most or all the septin core in other organisms, 






Worm cultures were maintained as previously described in Brenner, 1974. 
Table 2. C. elegans strains 
Strain Description Genotype Source 
N2 Wild Type  CGC 
JCC239 unc-61(e228) mutant 
unc-61(e228) V; unc-119(ed3) III; ltIs37 








unc-59(e1005) I.; unc-119 (+)] III; ltIS37 
[pAA64; pie-1/mCherry::his-58; unc-119 














Tagged F- Actin 
unc-119(ed3) III; ltIs81 [Ppie-1::gfp-
TEV-Stag::ani-2; unc-119 (+)] ;gesIs001 
[Lifeact :: mKate2] 
Reymann et 
al. 2016 




Gel samples were prepared by washing worms directly into an eppendorf tube using M9 
buffer to reduce bacterial contamination, the samples were washed twice by pelleting and 
removing the supernatant.  Then, 50 µL 4x sample buffer (5.5 M glycerol, 1.7 M Tris-HCl pH 7.5, 
0.28 M sodium dodecyl sulfate, 2.8 M β-mercaptoethanol, 26 µM bromophenol blue) was added 
to the sample before diluting to 200 µL with M9 buffer (22 mM KH2PO4, 42 mM Na2HPO4, 86 
mM NaCl).  The gel samples were then sonicated in a water bath for 20 minutes at 50°C.  After 
lysing, worm sample proteins were separated by SDS-PAGE.  The worm samples and ladder 
(Bioline HyperPAGE II Prestained Protein Marker) were loaded onto precast 7.5% acrylamide 
gels (Bio-Rad Mini-PROTEANⓇ TGX™ Precast Gels). Electrophoresis was powered at a 





Gels were transferred to nitrocellulose sheets by powering at 100 mA for 16 hours in 
Towbin transfer buffer (25 mM Tris, 192 mM glycine).  The sheets were rocked in a 5% milk 
solution of TBS-T (20 mM Tris buffer, 150 mM NaCl, 0.05% Tween-20) overnight.  Once 
blocked, the blot was cut and separately stained with unc-59, unc-61, and anillin primary 
antibodies (~1 µg/mL) for an hour (Maddox et al., 2005).  After washing with TBS-T, blocking for 
15 minutes, and washing again three times, the blot was incubated with an anti-rabbit 
secondary antibody conjugated to horseradish peroxidase (A6154 Sigma), diluted 1:10,000 with 
TBS-T (5% milk) for an hour.  After secondary antibody incubation, the blots were washed and 
blocked as previously mentioned.  The blots were then placed between two transparency sheets 
with a thin layer of detecting reagent (Amersham™ ECL Select™) to be exposed and 
developed.  A digital imager (Bio-Rad ChemiDoc™ XRS+ System) was used to obtain 
chemiluminescence and colorimetric images of the western blots. 
 
Western Analysis and Quantification 
 Intensities of western blot bands were quantified using the FIJI (Fiji Is Just Image J) 
measure tool.  Regions of interest (ROI) were used to analyze each specific band.  To 
standardize measurements, the same area was used for each ROI and surrounding background 
noise was removed.  Band intensities were normalized by dividing the intensity values of septin 
bands by the loading controls.  Both re-blotted anillin and nonspecific-binding bands were used 
as loading controls throughout the various blots.   
 
Genotyping 
Adult worms were picked into 20 µL proteinase K solutions (10 mg/mL) for DNA 
extraction.  Samples were heated to 60C for 60 minutes and then 90C for 15 minutes to 
inactivate proteinase K.  The DNA was stored at 4C in the original solution.  PCR samples were 
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prepared with Phusion® High-Fidelity DNA Polymerase (M0530 NEB) in 50 µL reactions (10 
mM dNTPs, 10 µM Forward Primer, 10 µM Reverse Primer). Primers were designed to flank 
~300-500 bp around the mutation of interest.   Primer sequences were BLASTed against the C. 
elegans genome (NCBI C. elegans Reference Sequence) using NCBI BLASTn suite.  Primers 
were synthesized by Eton Bioscience, Research Triangle Park, NC.  PCR product was purified 
using MonarchTM PCR & DNA Cleanup Kit (5 ug).  A plasmid Editor (ApE) was used to find the 
analyze sequence files and Wormbase’s protein aligner was used to determine conserved 
regions of C. elegans’ genome. 
Table 3. unc-59 and unc-61 primers 
Gene (allele) Primer Sequence (5’-3’) Product Size (bp) TM (°C) 
unc-59(e228) Forward CGACACGACTGACCT 
Reverse TCAACCCGAACAGTA 
582 60 
unc-61(e1005) Forward ACTGGCCGTGTTATG 
Reverse GCATTCGACGTGGCT 
832 58 
*Primers provided by Eton Bioscience INC (Research Triangle Park, NC). 
Table 4. PCR cycle settings 
Temperature Time 
98C 60 seconds 
Repeat for 35 cycles 98C 10 seconds 
TM  + 3C 15 seconds 
72C 20 seconds 
72C 10 seconds 





 All fluorescence images were obtained using a DeltaVision Elite deconvolution 
microscope (DVE) at 60x magnification (f/1.42 PLAPON60XO).  Full embryo movies were 
obtained using 16 sections of 2 µm steps at 30 second intervals.  Images were cropped and 
rotated to align the embryo along the anterior-posterior axis.  Contrast and brightness were 
changed in order to better illustrate localization and expression.  Figures were generated using 
Adobe Illustrator® CC.  
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